For global monitoring of large-scale civil infrastructures, it requires direct and accurate macro-deformation measurements to characterize the different performances of entire structural element. The conventional " point" static strain measurements are difficult to provide sufficient information for structural damage identification due to their localized behavior. In this regard, a novel packaging method for practical adaptation of long-gage FBG strain sensors in large-scale structures is proposed. Some static tests are carried out to verify the ability of the proposed FBG sensor for macro-strain measurements by comparing with that of foil strain gauge. Combined with a parametric identification method based on static macro-stain measurements, the applicability of the distributed long-gage FBG sensors in structural parameter estimation and damage detection is discussed. An experimental study of a beam specimen shows the advantage of the proposed sensor for structural identification over traditional strain gauge.
Introduction
As a novel and advanced sensing technique, optical fiber sensor has extended its potential advantages for structural health monitoring and damage detection. FBG sensor, which performs as a promising fiber optic sensor, has been developed for various purposes of measurements such as strain, temperature, acceleration, inclination, crack and so on. Although many researches have drawn attention to the practical application of FBG sensor in civil structures and some projects have brought it from laboratory to field, most of them focused on the usage of FBG sensor as a localized gauge for point or axial strain measurements, as applied in bridge cables and piles [1] [2] [3] . To catch structural information related to s tructural global characters rather than to local material behaviors, recently long-gage deformation sensor has attached some researchers' interest due to its ability to measure macro-deformations and flexibility for topologies and networks [4] [5] [6] .
Compared with extensive structural identification techniques based on the dynamic measurements, limited work has been done by direct use of static test data, especially the static macro-strain measurements. Banan et al. [7] [8] proposed two output error estimators to identify member constitutive properties based on a FE model and made a simulation study on a truss bridge structure. The problem on incomplete measurements was discussed as well. Sanayei et al. [9] [10] [11] presented a structural parameter identification method utilizing elemental strain measurements and mentioned that once static strains can be measured with a high precision, there are sufficient advantages to merit their use in many situations particularly for large structures whose displacements would require considerable labor to measure. Meanwhile, the influence of measurement noise on parameter estimation was studied in a statistical way and the relationship between the input and output errors was established based on error sensitivity analysis. Hjelmstad and shin [12] have also done some extensive work on structural damage detection using static response. They propose an adaptive parameter group subdivision algorithm to localize damage when the measured data are sparse and use a data perturbation method to establish the damage threshold above which damage can be confidently discerned from noise. Yeo et al. [13] introduced a regulation technique to alleviate the ill-posed ness of the system identification problem.
In this study, a novel packaging method for practical adaptation of long-gage FBG strain sensor is first proposed. Static tests are carried out to testify the effectiveness of the packaged long-gage FBG sensors for macro-strain measurements. Based on the previous work of Sanayei et al. [9] [10] [11] and Hjelmstad and shin [12] , a static macro-strain based parametric identification method is presented, which is verified by using measurements from the proposed distributed long-gage FBG sensors.
Packaged long-gage fiber Bragg grating strain sensor

Long-gage FBG strain sensor
In addition to the advantages of fiber optic sensors including electromagnetic noise immunity, electrically passive operation, low weight penalty, high sensitivity and easy multiplexing capability, the FBG strain sensors show some potential merits over other fiber optic sensors for structural parameter and damage identification, which can be stated as the following four respects. (1) Through special packaging (see 2.2) to extend original Bragg grating with inherent gage lengths on the order of a few millimeters to effective gauge length up to several centimeters or meters, FBG sensor can measure average macro-strain that is less susceptible to local stress/strain concentrations and hence more representative of the deformation of the entire structural member, which brings significant benefits for the global monitoring of structures. (2) Compared with resistive foil strain gauge and other traditional " point" gauges, FBG sensor can be easily multiplexed at many locations (currently, up to 64 FBGs can be theoretically wavelength-multiplexed in one fiber cable) and permit distributed strain measurements with high precision, which helps to obtain relatively complete information to solve the problem of instability including non-uniqueness and discontinuity of solutions that many identification algorithms have encountered. (3) Compared with linear variable displacement transducers (LVDT' s), FBG sensor can identify accurate and exact modal macro-strain vectors, which in a sense are equivalent to curvature mode shape and have a clear relationship with rotational degree. Thus, FBG sensors possess a potential to bridge a gap of the application of static identification method to laboratory tests and practical engineering which is troubled with the w ell-known difficulty for effective and efficient displacement measurements.
Packaging design of long-gage FBG sensors
Despite a lot of potentials of FBG sensors for structural health monitoring as many researchers reported, their practical applications to civil engineering structures still face some primary technological challenges such as the problems of installation, durability, stability and reliability due to the fragility of bare fiber whose coat has to be removed from commercial optical fiber to fabricate FBG with high sensitivity. Moreover, appropriate methods for FBG sensor packaging and bonding with host structures should be carefully considered to protect the brittle fiber from harsh environment and ensure measurements of interest to transfer fully from object structure to sensors. In addition, the traditional problem that exists in most of fiber optic sensors of cross-sensitivity between strain and temperature needs to be resolved as well. Furthermore, uniform mechanical behavior along the sensing area is necessary to obtain the average macro-strains of structures and prevent the split of reflected Bragg wavelength peak and broadening of reflected spectrum band width.
Regarding the issues mentioned above, a novel packaging method for practical adaptation of long-gage FBG strain sensors for civil structural health monitoring is proposed, as shown in Fig.1 . The detailed considerations can be expressed as follows:
(1) Special epoxy resin is used for recoating bare fiber including FBG because (a) the bare fiber is vulnerable to be strained directly and needs to be strengthened; (b) many researches have shown that no sliding appears and hence the strain compatibility can be achieved between the coat-removed glass fiber and epoxy resin at loads lower than the breaking strength of the fiber [14] ; (c) the sensitivity of FBG to temperature can be adjusted by bonding with different kinds of epoxy materials, which makes it possible to limit the influence of temperature on FBG sensor within the permission of practical civil engineering [15] . Notice that the uniform bonding between glass fiber and recoated materials is very important for the sake of maintain same mechanical behavior.
(2) The hollow tube of gauge length inside the proposed device for sleevi ng the recoated FBG is essential to ensure that every point within the sensing area to be strained identically and hence the strain transferred from the shift of Bragg center wavelength can represent the average strain along the gauge length. The recoated FBG should be pre-tensioned enough to obtain accurate strain measurements under compression.
(3) Composite materials are chosen to connect the recoated bare fiber including FBG which works as a sensing part and common single-mode optical fiber cable ( SMC) for (a) composite materials in the state of small strain show excellent mechanical bonding with other civil structural materials such as concrete, steel and FRP profiles; (b) the radial rigidity of composite materials can prevent the FBG from damage caused by lateral pressure; (c) the coefficient of thermal expansion (CTE) of composite materials is designable due to its dependence on type and volume ratio of fiber and resin [16] , to make the sensor and host structure possess the same CTE and work well together [1] ; (d) extensive researches have shown numerous advantages of composite materials for engineering practice such as durability, endurance to extreme environments including heat and corrosion and long-term stability.
(4) By connection with SMC, the proposed sensor can follow the common guide regulations for cable installation and connector protection. Moreover, small size (of 1mm diameter) and light weight make it easy to be either embedded in or surface adhered on the target structure.
(5) Multi-point or distributed measurements can be carried out easily by packaging an array of FBGs written in a single optical fiber or combining a set of individual packaged sensors using connectors.
Manufacture of long-gage FBG sensors
Based on the above -mentioned conceptual design but limited by current technological condition in the lab, the sensor is fabricated in a simple way as processed by the following steps (see Fig.2 ): (1) bare optical fiber of certain length including FBG without recoating with epoxy resin is used directly as the sensing part, which can work as well as the proposed sensor in the case of laboratory tests except the problem of temperature compensation which can be solved by using a dummy reference Bragg grating subjected to the same thermal environment but free from load; (2) instead of the hollow composite device for sleeving FBG, a plastic tube is sandwiched between two layers of carbon fiber tow and packaged together with optical fiber by epoxy resin; (3) FBG should be pre-tensioned before packaging for compressive measure. Single-mode optical fiber of Corning SMF-28 was utilized in this study. All the FBGs available for commerce passed 100KPSI proof test and basically could be used to measure strains up to 5000 µε repeatedly. But during the process for packaging in the lab, the fiber had to suffer from coat-removing by mechanical stripper and fusion, which weakened t he mechanical property of fiber and limited the measured upper bound down to about 2500µε. Meanwhile, an FBG-Interrogation system from NTT-AT with sampling rate of 50Hz was used for data acquisition and signal interpretation.
Static tests of the proposed FBG sensors
Steel specimen under uniaxial tension
The static strains of an intact steel specimen with rectangular section of 50mm×10mm under uniaxial tension obtained by strain gauges, bare FBG fixed at two points and packaged FBG sensors of 10cm gauge length bonded at full length are summarized in Table 1 . The relative errors of strains from different gauges show that FBG sensors can obtain static strains accurately and the proposed packaging method has little influence on measurements.
To verify the effectiveness of packaged long-gage FBG sensors for macro-strain measurements under uniaxial tension, as shown in Fig.3(a) , a steel board with rectangular section of 50mm×3mm and two holes of 7mm diameter was designed. Three strain gauges (SG5-1, SG5-2, SG60) and two packaged FBG sensors (FBG10, FBG25 with gauge length of 100mm, 250mm) were adhered onto the specimen surface. Theoretically, relative to the strains from SG5-1, the ratios of strains from SG5-2, SG60, FBG10, FBG25 are 1.145, 1.015, 1.009, 1.007, respectively. Fig.3(b) show the same variation trend as well.
Concrete specimen under uniaxial compression
In uniaxial compression test, a concrete cylinder with 150mm diameter and 300mm height was loaded with a loading rate of 0.1N/mm 2 /sec. up to the failure of the specimen. A packaged FBG sensor and two strain gauges were attached onto the concrete surface, denoted as FBG60, SG60 and SG5 (see Fig.4(a) ), whose gauge length is 60mm, 60mm and 5mm respectively. The compressive strains from different sensors versus time are shown in Fig.4(b) . It can be found that the strains obtained by FBG60 and SG60 match well but present the obvious difference, especially after initial stages of loading, from those obtained by SG5 which acted as a point sensor. In other words, the packaged long-gage FBG sensor shows the ability for average strain measurements under compression and persistent efficiency even when the maximum compressive strains amount to 1500 µε . It should be also noted from the magnified part in Fig.4 (b) abrupt variances of strains from FBG sensor occur in some special time, which bring on the shift of time-strain curve of FBG60 from that of SG60 and can be explained by the possible reason that micro-crack, as appeared at the critical location shown in Fig.2 , weakened the bonding between concrete and FBG sensor.
Copper beam under bending
According to bending theory, for a beam under bending with a fixed FBG sensor of gauge length L, distance y away from inertia axis, the static macro-strain measurements can be obtained as:
is the bending curvature, is the rotation Here, a copper beam with 1m length, 27mm width and 5mm height was taken as a specimen for bending tests. Compared with theoretical values shown in Eq.(1), the applicability of FBG sensor for measuring the macro-strain of flexural beams is discussed as follows.
(1) Test setup A series of beam tests with different boundary condition and mass distribution for 8 testing cases are shown in Table  2 .Three types of packaged FBG sensors (called FBG1, FBG10, FBG20 wi th gauge length of 10mm, 100mm, 200mm) and four strain gauges ( called SG1, SG2a SG2b, SG3) were surface-bonded onto the specimens (see Fig.5 ). To compare the strain values measured in different cases, the average strain from SG2a and SG2b was set to unity, and other strains were determined relative to this reference value. Therefore, a ratio, namely strain ratio, denoted as
Here, c1 is in the unloaded situation and taken as a reference case.. Table 3 shows the strain ratios from different sensors in the eight cases of above bending test. Each of the relative error between measured and theoretical values is calculated as well. It can be found that the errors from FBG sensors vary in a similar range as that from strain gauges. The difference from numerical results may b e caused by boundary condition, material properties and noise from experimental environment.
Parameters estimation of beams based on static macro-strain measurements
Based on the concept of system identification (SI) algorithms originally developed by Sanayei [9, 11] , an optimization-based parameter estimation method is presented to adjust the parameters of a finite element model with static macro-strain measurements. Without loss of generality, an Euler-Bernoulli beam is considered here. Forces are applied at a series of Degrees of Freedom (DOFs) and a limited number of macro-strains can be measured at a subset of structural components. The Taylor series expansion of the macro-strain error estimator is utilized to form a sensitivity matrix. A parameter grouping technique is also used to reduce the number of system parameters to satisfy a prescribed identifiability criterion. By means of Gauss-Newton method, an iterative approach is established to update structural model and estimate structural parameters. Instead of elaborated discussion which is available in the above two literatures, some different details are introduced as follows. Fig.6 shows a beam element with two local DOFs at each node, one for vertical translation v and the other for rotation .
Macro-strain versus displacement relation of beam element and basic model equation
As discussed in Fig.5 , the macro strain of this element has a clear relation with rotational degree at two nodes, which can be arranged into matrix form as well. In the same way, the average strain of several consecutive elements can be obtained from the rotational degree at first node of first element and second node of last element on the assumption that y n and L of each element are same. Actually, this assumption is reasonable for the practical application of sensors and can be easily satisfied by use of suitable finite-element model. That is, once finite-element model of a beam and the location of long-gage sensors are fixed, the mapping vector [B] of size NSE NDOF can be formulated, where NSE, NDOF represent the number of sensors and DOFs. So the mathematical model of a beam based on static macro-strain measurements can be represented by the following equilibrium equation:
where { }
Here, NLD is the number of load cases.
Macro-strain error function and sensitivity matrix
To evaluate the discrepancy between the analytical and measured macro-strains, an error function, called as " macro-strain error function" is defined as: 
where
, which is a sensitivity matrix mathematically called Jacobi matrix of size NM NPA. The jth
is as follows: 
Parameter grouping technique
For large-scale structures, the number of independent system parameters becomes very huge if each member is assigned a certain parameter. On the other hand, the quantity of measurements cannot always be increased sufficiently due to physical and technical limitations. So some condensation methods and parameter grouping techniques are used to reduce the number of system parameters. Hjelmstad and shin [12] proposed an adaptive parameter group subdivision algorithm. The basic idea is to separate the damaged parts in FE model by updating the parameter groups sequentially based on the comparison between the estimated and baseline value of a parameter. Nam [13] also presented a binary search scheme in which the separation and merging of parameter groups were repeated until one damaged member is completely separated from the other groups.
In this study, regarding a beam with distributed long-gage sensors, the elements within gauge length of a sensor are arranged to a group and associated with the same set of parameters due to two considerations: first, long-gage sensors are used to obtain average strain which unify the measurements within gauge length; second, in the static case strains from a sensor are only sensitive to the parameters at the local length where the long-gage sensor is installed.
Experimental verification for a beam installed with distributed long-gage FBG sensors
Experimental set up and static measurements
A steel cantilevered beam with 1m length, 50mm width and 3mm height was taken as an object structure for parameter identification. Four cases including intact beam and beams with different damage are shown in Fig.8 . Four FBG sensors of 250mm gauge length are fixed as a kind of distributed sensor. Three strain gauges are used for comparison. The static measurements from these sensors in one loading case are shown in Table 4 . It can be found that the measurements from strain gauges vary little and in some sense show the weakness of conventional point sensors for damage detection in that local strains are not sensitive to structural damage unless the sensors are placed in the vicinity of damage which is obviously impractical. In contrast, although the strains from FBG1, FBG3 and FBG4 change little, those from FBG2 increase with the occurrence and development of damage. The application of distributed long-gage FBG sensors to identify structural parameter will be discussed as follows combined with the SI algorithm mentioned above.
Damage Identification of beam using static macro-strain measurements from FBG sensors
The flexural stiffness EI of beam elements with known exact value 21.34 is taken as object parameters for identification. All the elements within the gauge length of the FBG sensors (e.g. element 1~6) are arranged to a group and share the same flexural stiffness (denoted as EI1~EI4 for FBG1~FBG4) in common. Based on the above -mentioned SI algorithm, identified parameters in different cases are shown in Fig.8 . With reference to the identified parameter of baseline structure using the measurements from case1, the damage detection results can be seen in Fig.9 . The agreement between exact value and analytical value using theoretical strains shows the high accuracy of algorithm. It can be seen from case4 that distributed macro-strains from FBG sensors present advantage to identify the occurrence, location and extent of damage. However, it should also be noted (see case2 and case3) that average strain, although less susceptible to local stress/strain concentrations, can weaken the sensitivity of measurements to damage, which may be merged by noise in measurements. So the number of FBG sensors, their respective gauge length and distributed location should be carefully considered for sensor placements.
Conclusion
In this paper, a novel packaged long-gage FBG sensor is developed for macro-strain measurements. Static tests show: (1) the static strains of specimens under uniaxial tensile and compressive load can be obtained accurately by FBG sensor and the proposed packaging method has little influence on measurements; (2) the long-gage FBG sensor can measure effectively the average strains of damaged steel and concrete column specimens; (3) the measurements of beam specimen under bending from FBG sensors and corresponding stain gauges show close agreements with theoretical value.
With reference to the concept of SI algorithms originally developed by Sanayei, a static macro-strain based structural parametric identification method is presented. Using the measurements from various sensors, the identified results verify the effectiveness of the presented parametric estimation method and show as well the merits of distributed long-gage FBG sensors over conventional point strain gauge.
